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In this work, we present a complete study of the photoionization and dissociation processes for bis-
(trifluoromethoxy)disulfurylperoxide, CF3OS(O)2OOS(O)2OCF3, which was generated by UV photolysis of
a mixture of (CF3CO)2O, SO2, and O2 at a low temperature. The reaction product was detected and characterized
by the photoelectron (PE) and photoionization mass spectroscopy (PIMS). For comparison, the geometric
and electronic structures of CF3S(O)2OS(O)2CF3 (a), CF3OS(O)2OS(O)2OCF3 (b), and CF3OS(O)2OOS-
(O)2OCF3 (c) were investigated by the combination of experiments and theoretical studies. The PES results
show that the outer electrons residing innO(S)O) of b and c are more tightly bound than those ofa. It is
worthwhile mentioning that drastic changes occur in the geometry ofc after one-electron ionization. The
neutral molecule exhibits a gauche structure with the SOOS dihedral angle of 124.4°. The first ionization
process happens on the O-O antibonding orbital. The remarkable geometric changes between the ground-
state molecule and cation are computed to be the gauche-to-trans rotation ofδSOOS and the prolongation of
the S1-O1 single bond length. According to the calculated bond dissociation energies, the dissociation process
was discussed. The calculated results indicate that once the parent ion is formed, the dissociation of the
S1-O1 bond to form CF3OSO2

+ is inevitable.

Introduction

It is now well-established that atomic chlorine, transported
to the stratosphere by a variety of particularly stable chlorine-
containing compounds, is responsible for the catalytic destruc-
tion of ozone in that region of the atmosphere.1 As substitutes
for one class of these stable compounds, the chlorofluorocarbons
(CFCs) and various hydrochlorofluorocarbons (HCFCs) and
hydrofluorocarbons (HFCs) are presently being considered. The
essential advantage shared by the proposed substitutes with
respect to their ozone depletion potentials is their incomplete
halogenation. The carbon-hydrogen bonds present in HCFCs
and HFCs are prone to attack by tropospheric OH radicals, a
reaction which produces a water molecule and a haloalkyl
radical.2

The trifluoromethyl radical, CF3, is expected to be an
intermediate in the atmospheric oxidation process of several of
the compounds proposed as substitutes for CFCs.2 Under
atmospheric conditions, the immediate fate of this radical (as
for other alkyl radicals) is the addition of an oxygen molecule
to form the corresponding alkylperoxy radical.3,4 As with other
peroxy radicals (RO2) the atmospheric fate of CF3O2 radicals
is reaction with NO, NO2, HO2, or other peroxy radicals. The
reaction with NO2 gives trifluoromethyl peroxynitrate.5,6 CF3-
OONO2 may serve as a reservoir molecule for either CF3O or
NO2 radicals, which may contribute to the depletion of ozone
in the stratosphere or to the transport of NO2 from industrial

zones into otherwise pollution-free environments.7,8 However,
other reactions of CF3O2 radicals are usually neglected because
of the low concentrations of possible reaction partners or
comparably slow reaction rates.

Nonetheless, one atmospheric species that has been largely
ignored until recently is SO2.9 The abundance of SO2 in the
atmosphere is highly variable. Its concentrations can reach levels
of 1000 ppb.10 The reaction of CF3O with SO2 has been shown
to produce the CF3OSO2 radical. Francisco and von Ahsen9

present the first direct spectroscopic identification of the CF3-
OSO2 radical isolated in an inert-gas matrix generated by
reaction of CF3O radicals with SO2, which demonstrates the
existence of the first link between CnFmOy species and SOx in
the atmosphere. One expected atmospheric fate of the CF3OSO2

radical is the rapid reaction with molecular oxygen leading to
the peroxy radical CF3OS(O)2OO. Peroxy radicals readily
convert to the corresponding oxy radicals under atmospheric
conditions. This is done by rapid reaction with trace gases such
as NO, CO, or ozone;11 consequently, it is expected that CF3-
OSO2 forms CF3OSO3 in the atmosphere. The first spectrosopic
evidence for the existence of the CF3OSO3 radical has been
obtained through the low-pressure flash thermolysis experiments
of highly diluted CF3OS(O)2OOS(O)2OCF3.12 The peroxide was
prepared by UV photolysis of a mixture of (CF3CO)2O, SO2,
and O2 held at-40 °C.

In earlier studies of atmospheric species containing CF3 group,
we reported the gas-phase electronic structures of CM3C(O)-
ONO, CM3C(O)ONO2 (M ) H, Cl, F), CF3OONO2, and
CF3C(O)OSSOC(O)CF3.13-15 The aim of this work is to conduct
the photochemical reaction of CF3 radical with SO2 and O2 to
isolate the short-time intermediate CF3OS(O)2OOS(O)2OCF3
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and to characterize it by spectroscopic techniques. The possible
ionization and dissociation processes are investigated. For
comparison of the experimental results, the geometric and
electronic structures (Figure 1) of CF3S(O)2OS(O)2CF3 (a), CF3-
OS(O)2OS(O)2OCF3 (b), and CF3OS(O)2OOS(O)2OCF3 (c)
were investigated by the photoelectron (PE) and photoionization
mass spectroscopy (PIMS) with the help of theoretical calcula-
tions.

Experimental Section

Synthesis of CF3OS(O)2OS(O)2OCF3 and CF3OS(O)2OOS-
(O)2OCF3 and Reagents.CF3OS(O)2OOS(O)2OCF3 was syn-
thesized by mixing 6 mbar of (CF3CO)2O, 20 mbar of SO2,
and O2 up to 1 atm in a 5 Lphotoreactor, maintained at-40
°C, and subjecting the mixture to 254 nm radiation for about 6
h. Lowering the temperature to-50 °C allows evaporation of
the volatile compounds, as there are the excess oxygen and SO2,
unreacted perfluoroacetic anhydride, and COF2 as the product
of a minor side reaction. Peroxidec is further purified by trap-
to-trap condensation, where it proved to be immobile in a trap
held at-40 °C 12 before detection with the photoelectron and
photoionization mass spectrometer.

CF3OS(O)2OS(O)2OCF3 was synthesized when the above
reaction was maintained at 0°C, which is identified by its known
mass spectrum.16

As CF3 radical source, perfluoroacetic anhydride was chosen,
because its absorption cross-section at the emission line of the
mercury lamp at 254 nm is quite high. Perfluoroacetic anhydride
(Alfa-Aesar), trifluoromethanesulfonic anhydride (a, Alfa-Aesar)
were obtained from commercial sources and used without further
purification.

Instrumentation. The experimental apparatus used in this
work has been described previously.17,18Briefly, the photoelec-
tron and photoionization mass spectrometer consists of two
parts: one part is the double-chamber UPS-II machine; another
part is a time-of-flight mass spectrometer. The photoelectron
spectrum was recorded on the double-chamber UPS-II machine
which was built specifically to detect transient species at a
resolution of about 30 meV, as indicated by the Ar+(2P2/3)
photoelectron band.19,20Experimental vertical ionization energies
are calibrated by simultaneous addition of a small amount of
argon and methyl iodide to the sample. Mass analysis of ions
is achieved with the time-of-flight mass analyzer mounted
directly to the photoionization point. The relatively soft ioniza-
tion is provided by single-wavelength HeI radiation. The PE

and PIMS spectra can be recorded within seconds of each other
under identical conditions.

Quantum Chemical Calculation. Electronic property cal-
culations were carried out using the Gaussian series of pro-
grams.21 Because the values and the order of the MO energies
depend on the molecular geometry, the calculations of the
geometries of the neutral ground state were performed by using
density functional theory (B3LYP) at the 6-311+G* basis set.
Vibrational frequency calculations have been carried out to
verify stationary points. The relaxed scans of the potential energy
surface were performed at HF/6-31G* and B3LYP/6-31G*
levels before the geometric optimization. To assign the PE
spectrum, the outer-valence Green’s function (OVGF) calcula-
tions22,23 at the 6-31G basis set, which include sophisticated

Figure 1. Molecular models of (a) CF3S(O)2OS(O)2CF3, (b) CF3OS-
(O)2OS(O)2OCF3, and (c) CF3OS(O)2OOS(O)2OCF3.

Figure 2. HeI photoionzation mass spectra of (a) CF3S(O)2OS(O)2CF3,
(b) CF3OS(O)2OS(O)2OCF3, and (c) CF3OS(O)2OOS(O)2OCF3.
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correlation effects of the self-energy, were applied to the
molecules to give results of the vertical ionization energies. The
energetics of the dissociation of the parent ion into possible
fragments were also calculated at the B3LYP/6-311+G* level
of theory.

Results and Discussion

The PIMS and PES results ofa, b andc are shown in Figures
2 and 3, respectively. The photoionization mass spectra are
relatively simple. Fora, it has two peaks atm/z ) 69 and 133.
For b, the two peaks are atm/z ) 47 and 69. They are in

agreement with previously reported values.16,24 But peroxidec
obtained at low temperature shows a different spectrum. A new
peak for CF3OS(O)2+ at m/z ) 149 in Figure 2c replaces the
peak atm/z ) 47 in Figure 2b. In the PES, the first PE band is
a broad band for compoundsa-c. The ionization and dissocia-
tion processes are discussed in detail later. First, the molecular
geometries and electronic structures are investigated and
presented as following.

Molecular Geometries. Geometry optimizations fora-c
were performed using the density functional theory (DFT)
method, and the selected geometric parameters were given in
Table 1.

Results of gas electron diffraction (GED) reveal that molecule
a possesses a skew structure withC2 symmetry and a SOSC
dihedral angle of 99.1(14)°.25 The structure obtained by theoreti-
cal methods is in good agreement with the GED experimental
results.

The starting geometries of the conformers ofb and c for
quantum chemical calculations were based on the structure of
a measured by GED since there are no experimental data on
the structures ofb and c. Before the geometric optimization,
relaxed scans of the potential energy surface were performed

Figure 3. HeI photoelectron spectra of (a) CF3S(O)2OS(O)2CF3, (b)
CF3OS(O)2OS(O)2OCF3, and (c) CF3OS(O)2OOS(O)2OCF3.

TABLE 1: Selected Bond Distances (Å) and Angles (deg) for
a-c

Compounda (C2)

B3LYP/6-311++G** GEDa

S1-O1 1.690 1.623(5)
S1-O2 1.438 1.409(3)
S1-C1 1.902 1.848(6)
O1-S1-O2 104.4 104.6(11)
O1-S1-O3 110.8 109.6(11)
O2-S1-O3 124.2 128.0(21)
S1-O1-S2 130.1 128.1(14)
O1-S1-C1 96.97 99.1(14)
S1-O1-S2-C2 96.23 99.1(14)

Compoundb (C2)

B3LYP/6-311++G** GEDa

S1-O1 1.673
S1-O2 1.430
S1-O4 1.653
O4-C1 1.397
O1-S1-O2 103.4
O1-S1-O3 109.8
O2-S1-O3 125.7
S1-O1-S2 127.0
O1-S1-O4 99.82
S1-O4-C1 123.0
O1-S1-O4-C1 82.78
O4-S1-O1-S2 72.36

Compoundc (C1)

neutral cation

S1-O1 1.680 2.035
S1-O2 1.429 1.423
S1-O4 1.654 1.591
C1-O4 1.397 1.475
O1-O5 1.452 1.280
O1-S1-O2 101.9 99.47
O1-S1-O3 110.6 102.4
O2-S1-O3 126.3 129.7
S1-O1-O5 110.0 111.2
O1-S1-O4 100.2 93.88
S1-O4-C1 123.1 123.7
C1-O4-S1-O1 80.63 90.36
O4-S1-O1-O5 63.49 108.5
S1-O1-O5-S2 124.4 180.0
O1-O5-S2-O8 72.42 108.5
O5-S2-O8-C2 89.19 90.36

a Reference 25.
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for internal rotation around the S1-O1 bond ofb and the O1-
O5 bond ofc at HF/6-31G* and B3LYP/6-31G* levels. Figures
4 and 5 show the calculated potential curves for dihedral angles
δO4S1O1S2of b and δS1O1O5S2of c, respectively. As seen from
Figure 5, there are two minima of the calculated potential curves
at both levels, which indicate the existence of a stable conformer
with the gauche structure and withδS1O1O5S2around 120 or 240°.
The situation ofb in Figure 4 is different, which shows that
besides the gauche structure withδO4S1O1S2around 70°, a pseudo
trans structure probably also exists as a stable conformer. But
the energy of the pseudo trans conformer is higher (0.5-
0.75 kcal/mol) than the gauche conformer. So our discussion
of the geometry and electronic structure ofb and c mainly
focuses on the gauche conformer for simplicity.

From the optimized geometries for the gauche structures of
b andc (shown in Table 1), we can see that the S1-O1 and
S1-O4 bonds are the typical S-O single bond (1.60-1.69 Å)
and the S1-O2 bond is a typical SdO double bond (1.40-
1.45 Å). Moleculeb possesses a gauche structure withC2

symmetry and the O4S1O1S2 dihedral angle of 72.4°. The
predicted O-O bond length (1.452 Å) ofc is close to that of
the molecules HOOH (1.464(3) Å),26 CH3OOCH3 (1.457(12)
Å),27 and FO2SOOSO2F (1.455(13) Å).28 Besides the O-O bond
length, another important structural parameter for peroxides is
the dihedral angle ofδROOR, which can influence the overall

structure of the molecules greatly. Because of the lone pair-
lone pair interactions,c adopts a gauche conformation as the
most stable structure. The dihedral angle ofδSOOSin c (124.4°)
is between those of FO2SOOSO2F (119(5)°)28 and F5SOOSF5
(129(2)°),29 which could be illustrated by the steric interaction
of the moieties.

The geometric parameters of the cation-radical conformer of
c are fully optimized with the DFT method. After the vibrational
analysis, the calculated results show that the radical cation with
pseudoCi symmetry is a local minimum. The remarkable
geometric changes betweenc and its ground-state cation are
computed to be a gauche-to-trans rotation around the O-O bond
(δS1O1O5S2from 124.4 to 180.0°) and a prolongation of the S1-
O1 single bond length by 0.35 Å (Table 1). Both structural
changes upon ionization are embodied in the PE and PIMS
spectra ofc.

Photoelectron Spectra.The HeI photoelectron spectra of
a-c are shown in Figure 3. The PES experimental vertical
ionization energies, the theoretical vertical ionization energies,
and the molecular orbital (MO) characters of the outer valence
shells from the OVGF calculations are listed in Table 2.

The high electronegativity and chemical reactivity of the
trifluoromethylsulfonyl group are well-known.30-32 There has
been a rapid growth in the chemistry of the corresponding
anhydridea.33-35 Its IR,36 NMR,37 mass spectrum,16 and gas
electron diffraction25 were thoroughly investigated. However,
there was no photoelectron spectroscopy investigation before.
In the present study, the photoelectron spectrum ofa was
measured for comparison withb and c obtained from the
photochemical reaction of CF3 radical with SO2 and O2.

As seen from Figure 3a, the HeI photoelectron spectrum of
a exhibits a group of broad bands in the low-energy region
(<15.5 eV). The experimental vertical ionization energies listed
in Table 2 are in good agreement with the calculated values
with the OVGF method. By comparison with X2SO2 (X ) CH3,
F, Cl),38,39 one would expect these IPs corresponding roughly
to the oxygen lone pairs. The first vertical ionization energy is
located at 12.97 eV. This band is assigned to the removal of an
electron from the highest occupied molecular orbital (HOMO),
which is mainly characterized by the lone pairs of the oxygen
atom from SdO and S-O-S. The second and third bands

Figure 4. Calculated potential curves for internal rotation around the
S1-O1 bond inb at the HF/6-31G* and B3LYP/6-31G* levels. The
curve of B3LYP/6-31G* level is shifted by 2 kcal/mol.

Figure 5. Calculated potential curves for internal rotation around the
O-O bond inc at the HF/6-31G* and B3LYP/6-31G* levels. The curve
of the B3LYP/6-31G* level is shifted by 2 kcal/mol.

TABLE 2: Experimental and Calculated Vertical Ionization
Potentials and MO Characters for a-c

compd Ei GF MO character

a 1 12.97 12.99 35a nO(SdO,S-O-S)

2 13.28 { 13.13 34b nO(SdO)

3 13.20 33b nO(SdO)

4
13.62 { 13.45 34a nO(SdO)

5 13.62 33a nO(SdO)

6 13.65 32b nO(SdO)

7 13.95 13.88 31b nO(SdO,S-O-S)

8 14.87 14.80 30b nO(S-O-S)

b 1

13.60 { 13.84 39a nO(SdO,S-O-S)

2 13.91 38b nO(SdO)

3 13.97 37b nO(SdO,S-O-S)

4 14.06 38a nO(SdO)

5 14.01 14.34 37a nO(S-O-C)

6
14.66 { 14.63 36b nO(SdO)

7 14.66 35b nO(SdO)

c 1

13.62 { 13.83 81 nO(SdO)

2 13.88 80 nO(SdO)

3 13.90 79 nO(SdO)

4 14.00 78 nO(SdO,OO)

5 14.01 77 nO(SdO)

6 14.13 76 nO(SdO)

7 14.77 { 14.55 75 nO(S-O-C)

8 14.64 74 nO(S-O-C)
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(13.28 and 13.62 eV) are the results of the removal of the
electron of the lone pairs of O(SdO). This character is similar to
the molecule SO2F2, of which the first band at 13-14 eV is
ascribed to the oxygen lone pair of O(SdO).40 The next band at
13.95eVcomesfromtheionizationprocessof{31b(nB

O(SdO,S-O-S))}-1.
In the low-energy region, the last band centered at 14.87 eV is
attributed to the ionization of the electron in the nonbonding
orbitals of the oxygen atom in the S-O-S bond.

A similar analysis can be done for the assignment of the HeI
photoelectron spectrum ofb and c. Drawings of the outer
occupied molecular orbitals are given in Figure 6. Combined
with theoretical calculations, the assignment of the bands in the
photoelectron spectra could be easily done.

According to the ROVGF calculations (Table 2) and popula-
tion analysis (Figure 6), the character of the HOMO ofb
corresponds to the lone pair ofnO(SdO,S-O-S). It is consistent
with the HOMO ofa. In Figure 3b, the first band centered at
13.60 eV is attributed to the ionization processes of{39a
(nA

O(SdO,S-O-S))}-1, {38b (nB
O (SdO))}-1, {37b (nB

O(SdO,S-O-S))}-1,
and{38a (nA

O(SdO))}-1. According to the results of theoretical
calculations, these four IPs are very close and could not be
clearly distinguished under our experimental conditions. While
the following band centered at 14.01 eV is sharper and clear. It
is due to the removal of the electron of the lone pair of O(S-O-C),
which is absent in the character of the oxygen lone pair ofa.
Furthermore, when the CF3 moiety ina is replaced by the CF3O
moiety inb, the first PE band shifts to higher ionization energy
region, which means that the lone pair electron of O(SdO,S-O-S)
atom inb tends to be more difficult to ionize. As for the band
at 14.66 eV, it is also attributed to the ionization of the electron

from the oxygen lone pair of the SdO double bond and also
higher than the corresponding one ina.

Peroxidec has a high density of ionic states, which results
in many overlapping bands in the PE spectrum (Figure 3c). In
fact, this spectrum looks like the spectrum of the monoxideb
with more overlapped bands. With combined empirical and
theoretical analysis, it is found that the first PE band of c
centered at 13.62 eV corresponds to the overlapping of six
ionizations from the oxygen lone pair of O-O and SdO. The
calculated first adiabatic and vertical ionization energies are
10.68 and 13.84 eV, respectively. The second PE band centered
at 14.77 eV is assigned to come from the removal of an electron
of nO(S-O-C). The ionization energies ofc at the high ionization
energy region between 15.0 and 18.0 eV have not been
attributed.

In conclusion, the outer electrons ofa-c most reside in the
oxygen lone pairs of SdO, and those ofb andc are more tightly
bound thana because of the influence of the substituted groups.

Ionization and Dissociation of c.One of the main proposes
of this work is to investigate the ionization and dissociation
processes ofc. The neutral ground state ofc possesses theC1

symmetry. Drastic changes occur in the geometry ofc after one-
electron ionization.

An interesting and important feature ofc is the change of
the SOOS dihedral angle and the O-O single bond length,
which are the geometric parameters most influenced by the
removal of electron from the HOMO, O-O antibonding orbital.
Usually, the ionization of antibonding orbital would increase
the bonding nature. It is just the case for the O-O single bond,
which is theoretically calculated to be 0.17 Å shorter after

Figure 6. Characters of the outer occupied molecular orbitals fora-c.
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ionization. The relaxed scan of the potential energy surface for
internal rotation around the O-O bond in the neutral and cation-
radical conformers was calculated through structure optimiza-
tions at the SOOS dihedral angle. In Figure 7, both B3LYP
and HF methods with small basis set (6-31G*) predict that the
internal rotation of the SOOS dihedral angle occurs after
ionization, and the cation-radical structure possesses a pseudo
Ci symmetry with the SOOS dihedral angle of 180°. This change
in the geometry may be the reason for the structureless broad
band observed when the first ionization process occurs. After
the original study performed by Walsh,41 many workers42-44

have published qualitative and quantitative MO studies using
Walsh diagrams. Thus, they have been able to predict geometry
differences between the ground and ionized states. Erben and
Della Védova investigated the cation-radical geometry using
full ab initio calculations. It was observed that drastic changes
occur in the geometry of both FC(O)SSCH3 and FC(O)SSSC-
(O)F after ionization.45

In the cation-radical structure ofc, another important change
of the geometry is the remarkably prolonged S1-O1 single
bond. It suggests that the parent ion prefers the dissociation of
the S1-O1 single bond to form CF3OSO2

+. The possible
dissociation pathways forc are presented in Figure 8. As can
be seen, the energy for the heterolysis of parent ion to A+ (A
) CF3OS(O)2) is much lower than that of homolysis to B+ (B
) CF3OS(O)2O). The quite low energy for the S1-O1 bond

dissociation in the parent ion suggests that once the parent ion
is formed, dissociation into CF3OSO2

+ is very easy. This fact
explains the absence of the parent ion and the appearance of
CF3OSO2

+ in the PIMS (Figure 2c). Besides, peak CF3
+ can

be formed by the subsequent dissociation of CF3OSO2
+ as well

as by direct dissociation of C-O in the parent ion. From Table
1, we can see that the C1-O4 bond ofc also has the trend of
prolongation after ionization.

Conclusion

CF3OS(O)2OOS(O)2OCF3 was generated by UV photolysis
of a mixture of (CF3CO)2O, SO2, and O2 at low temperature.
The product was detected and characterized by the PES and
PIMS. For comparison, the geometric and electronic structures
of a-c were investigated by the combination of experiments
and theoretical studies. The PES results show that the outer
electrons ofa-c most reside innO(SdO), and those ofb andc
are more tightly bound thana because of the influence of the
substituted groups. It is worthwhile mentioning that drastic
changes occur in the geometry ofc after one-electron ionization.
The molecule exhibits a typical gauche structure observed in
other peroxides, with theδSOOSdihedral angle of 124.4°. The
first ionization process happens on the O-O antibonding orbital.
The remarkable geometric changes between the ground-state
molecule and cation are computed to be the gauche-to-trans
rotation of δSOOS and the prolongation of the S1-O1 single
bond length. According to the calculated bond dissociation
energies, the dissociation process is discussed. The calculated
results indicate that once the parent ion is formed, the dissocia-
tion of the S1-O1 bond forming CF3OSO2

+ is easy to occur.
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